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THE EFFECT OF STAGING ON THE RANGE OF
UNDERWATER ROCKETS (U)

By

W. C. Ragsdale
\

ABSTRACT: A simple relation is derived for computing the range
of a solid-propellant multi-stage underwater rocket. The
rocket 1s assumed to consist of ldentical stages deslgned to
glve constant vehicle velocity and 1s assumed to travel horizon-
tally. A comparison of the range of two- and three-stage
rockets i1s given. The effect of staglng and payload size on the
range of a rocket powered anti-ship torpedo is considered as a
specific example,.

APPROVED BY: Carl Boyars, Chiefl
Physical Chemistry Division
CHEMISTRY RESEARCH DErARTMENT
U.S. NAVAL ORDNANCE LABORATORY
WHITE OAK, SILVER SPRING, MARYLAND
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212 1/7008-0£-03, Underwater Rocwket Performance. The factorc
influencin, the performance of underwater rocikets will be studied
in this research progsram. Thls report cdescribes an analytlcal
study of tie effect of sta in- on the ran-e of underwater roccets.
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LIST OF SYMBOLS
total wetted surface area of vehlicle, fte
drag coefficient, dimensionless
dlameter of vehicle, ft
drag force acting on vehicle, 1bf
conversion factor - 42,2 1bm-ft/1bf-sec2
specific impulse of rocket motor, lbf-sec/lbm

overall length of vehicle, ft

combined length of propellant grain and rocket nozzle
for single-stage rockets, ft

length of propellant grain plus nozzle for multi-
stage rockets, [t

number of stages

length of rocket nozzle, [t

length of payload section, [t

range of a single~stage rocket, ¢
maximum possible range for a single-stage rocket, ft
range of a rocket with n stages, It
thrust of rocket motor, 1bfl

vehicle velocity, [t/sec

mass of propellant, 1bm

payload fraction, dimensionless
nozzle fracticn, dimensionless
burning time of rocket, sec

density of water, lbm/ft’
propellant density, lbm/ft”
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INTRODUCTION

The forces acting on an underwater rocket are the thrust
of the rocket motor, the weight and drag of the vehicle and the
buoyant force. Due to the relatively high density of water, the
drag force 1s much larger for underwater rockets than for
rockets operating 1n the atmosphere., As a result, underwater
rockets usually travel at a terminal velocity, in contrast to
atmospheric rockets which accelerate during burning and coast
after burnout,

The total draz of slender bodies traveling underwater
(cuch as torpedoes) consists almost entirely of skin friction
drag and for thls reason is directly proportional to the total
wetted surface arca (1), It ls thls fact that makes staging an
attractive proposition for underwater rockets - under certain
condltlons. Underwater rockets are inherently inefflclent, and,
as a result, most of the vehicle volume 1s usually taken up by
vhe propellant., As propellant is consumed, a progressively
larger portlon of the vehicle becomes an empty shell, contribut-
ing nothing to the thrust of the rocket but contributing signifi-
cantly to the drag of the vehicle, By divlding the rocket into
ceveral stages, each having its own nozzle and propellant supply,
the spent portions of the rocket may be discarded and the range
or veloclity of the vehlcle increased accordingly.

The effect of one method of staglng on the range of under-
water rockets is considered in this report. None of the practi-
cal problems of staging have been consldered.

ANALYSIS

In order to obtain simple relations for estimatlng the
effect of various parameters and staging on the range of under-
water rockets, the followlng assumptlions are made:

1. Only solid propellant rockets are considered,

2. The rocket travels 1n a horizontal path. This implles
that the effects of buoyancy and weight on the trajectory are
nepglected,

%. The rocket quickly reaches a constant terminal velocity
where rocket thrust 1s equal to hydrodynamic drag.

I, In computing range, periods of rocket acceleration and
deceleration are neglected, The range 1s taken as the product
of the tlerilinal veloclty and the burning time.

5. The specific impulse 1s constant.

0. The drag force acting on the vehicle 1s assumed pro-
portional to the total wetted surface area.

1
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The assumptlon of constant vehlcle velocity lImplies, in
the case of a single-stage rocket, a constant chamber pressure
{f the rocket 1s traveling horizontally (assumption 2).

In order to achieve constant vehicle velocity with a
multi-stage rocket it 1s necessary to vary thrust between
stages. Following assumption (5), thls can be accomplished by
operating each stage at the same chamber pressure and using in
cach stage propellant having the same specific impulse¥* but
different burning rate characteristics. Under these conditions,
variation in thrust is cdue to variation in the mass discharge
rate of the propellant [rom stage to stage.

Single Stage Rockets

The following additional assumptions are made regarding
the single-stage underwater rocket:

1. The vehicle 15 assumed to be made up of a cylindrical
payload secction, a cylindrical propellant graln and a cylindrical
nozzle section, as 1llustrated in Figure 1A,

2. The total wetted area is taken to be the lateral area
of the cylindrlcal vehicle.

The thrust of the single stage rocket illustrated 1n
FFigure 1A 1s glven by the followlng expression:

W p 5 P

o P T n2r 01 P T 0 AL N TP

b= Isp e Ispﬂ_D il Ispﬁ—D L D A (1)

where

T = thrust of rocket motor, 1bC

I., = specific Impulse of rocket motor, 1bf-sec/1bm

wp = mass of propcllant, 1bm

f = total burning time, sec

D = dlameter of the vehicle, It

ML = comtlined length of propellant grain and rocket
nozzle ror clingle-stage rockets, [t

pp = propellant denslty, 1bm/ft5

N = length of rocket nozzle, [t

¥At 1 particular chamber pressure, ambient pressure, and nozzle
expanslion ratio.

2
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The drag forcc acting on the vehlcle 1s given by the

followlng expression (assumption 6, p. 2):

2 0 0
- ac B eVS _ oprep 4 prolRYS .
F ACDEg nDLcD28 7D AL + P cDgg (2)
© © ©
2 AL, B, vt
- LD "D J D%E;

where

L = overall length of vehicle, [t

P = length of payload section, ft

F = drag force acting on vehlcle, 1bf

A = total wetted surface area of vehlcle, ft2

C.= dra;; coelllicient, dimensionlecs

p = density of water, 1bm/ [t
V = vehicle veloclity, ft/sec

D)
g = conversion factor - 72,2 lbm-{t/1bf-sec”

Combining equatlons (1) and (2) and using assumptlions
2 and 4 (p. 2) leads to the following approximate expression
for the range, Rl, of a single-ctage underwater rocket:

. N L
fy ng_;. [op] {1-¢. (3)
D- |26,V | p 1+ a
J Lr . ,
where
P/D _ P/D
@ =10 - P/ T AL/D
N/D _ N/D

B =175 F/m = /D

The maxlmum possible range of a single-stage rocket for given
values of I__, Pp CD, D and V would occur when g = O and

f = 0. This correspcnds to a hypothetical rocket made up
entirely of propellant. Expressing the range in terms of the
maximum possible value glves:

0
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where

= maximum possible range for a single-stage
6,1, |ep!
rocket = D |~3~32 .-El ,[t.
?CDV 1P |

(Rl)max

bue to thelir approximate naturc, cquatlons (2) and (U) are
rore useful as scaling rules to cstimate the effect of o and B
on range than as relations Tor determining the actual range of
cingle-stage undervater rockets.

rulti-Stage Rockels

The following addltlional assumptions are made regarding
multi-stage underwater rockets:

1. The vehicle 1is assumed to be made up of a cylindri-
cal payload sectlon and a number of identical stages, each
concloting of a cylindrical propellant grain and a cylindrical
r.oczle section, as 1llustrated in Flgure 1B,

<. The stages are assumed to be discarded as soon ac
they are completely burned,

The range of the multl-ctaee underwater rocket is
Jdetermined by summing the lncrements of range obtained by burn-
lny, each stage. Following the same procedure as for the single-
‘tare rocket leads to the followling expression:

lst Stage  2nd Stage nth Stage
e o] [ ZH oAy
B.Q . _..__E(: o | ‘E ) D 'D ] DA D Py, o —QT——‘D (5)
} D D D D D
or,
il
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Lot Staie o.d Stage nth stage
‘4o = (1-nn i, 1 I 1 / '
Tﬁljmay = (1-n2) | n{1ta) Y SR E IR n{l+a)-(n-1J (0)
wherc

AL'= length of propellant grain plus nozzle for multl-
stagre rockets, 't

n number of otoy-er
. range of a rocret with L
" P/D - P/D
1./D-P/D N L7D
B = /D /D

L/D-P/D =~ nrLT/D

Equations (#) and (o) may e used Lo compare the range
of multi-ctage rockets with the range of cincle stage rockets,
It should be pointed out that such comparisons arc restricted
by the assumptions made In derivin- cquatlons (4) and (C). It
1s dmportant to remember that only one method of staging has
been considered, i.e., ldentlcal stages desiyned to pmive a
constant vehicle veloclity. Two additional ascunptions will be
made :

1. The slngle-stage and multl-stage rockets rompared
have the came value of « and B, l.e., the came values ol D, L,
N and P. Fipure 1 1llustrates this ascumptlon,

~
(SN

CD and Pp -

The rockets compared have the same values of va,

Combining cquatlons (#) and () with these assumptlons
glves:

/
Bno_lempll 1 1) (7)
"1 In n-1 = " - n-1
;! { SET n-

RESULTS AND DISCUSSION

Values of R /R, for two-stage and three-stage under-
water rockets were calculated using equation (7) and are shown
in Figure . These results chow that the effect of staging on
range beceores greater as celther n or f3 are decreaced. In other

3
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words, staglng becomes more effectlive In lIncreacing the range

of an underwater rocket when the payload and nozzle sections

make up a small portion of the vehilcle, Thus, when ~ and 3 are
zero the effects of stagling are greatest. Using these limiting
conditions the results show that the range of underwater rockets,
under the assumptlons made, could be increased by not more than
about 50% if two stages were used instead of one and by not more
than about 835 if three stages were used.

For large values of a and B the effects of staging are
reduced and may actually be adverse, For example, when q¢ = 0.5
ind B = 0,12 the range of a two-stage rocket is only 8 percent
larger than a single stage vehlcle and the range of a three-
stage rocket 1s actually 1 percent smaller, Thls 1s due to the
fact that as the number of slages 1s increased some propellant
must be sacrlficed 1n order to make room for the additlonal
exhaust nozzles required. Thisc effect finally offsets the bene-
ficial drag reduction effect as the number of stages 1s

{ncreased.,

The range of two-stage and three-stage rockets are com-
parcd in Flgure 3. It can be seen that over a wide range of
valves of n and 3 the range of three-stage rockets is only
clightly larger than that of two-stage rockets and 1s smaller
than the range of two-stage rockets at large values of ¢ and B.
Hence, 1t appears that underwater rockets of three stages or
nore would be of little practical value,

To illustrate the various effects of staglng on range
discussed above, a specific rocket design will be considered,

A recently proposed design for a rocket powered anti-
chip torpedo is shown in Figure 4 (2). Values of g and B calcu-
lated from the dimensilons given ln the figure are as follows:

a = .538
B =.117

For these values of q and B, equation (7) indicates that the
range of the torpedo could be increased about 8 percent if two
stages were used but would not be increased 1f three stages
were used. This 1llustrates the fact discussed previously that
the effect of staging on range 1s either small or adverse at

high values of o and B.

If the length of the payload of the proposed torpedo
were decreased while maintaining the same overall length, the
values of a and B would be decreased. The benefits of staging

6
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would become more pronounced at smaller values of a and 3, as
mentloned previously, The eflfect of decrecased payload size on
the range of the torpedo 1s i{llustrated in Figure 5.

The length of the proposed payload sectlon is 86 inches,
Figure 5 shows that if the payload length were cut in half (a
reduced from 538 to ,212; # reduced from .11% to .09%5) and the
same overall length were retained, the range of the clingle-stage
torpedo would be Increased »0 percent. The range would be
Increased an addltional 22 percent if two ctages were uscd
instead of a single-stage, and 2i percent L three stages were
used. A two-stage torpedo with the same overall length would
have 0N percent more rangce than the propoced torpedo, In makling
thece comparlisons, the came exhaust nozzle length, N, has been
assumed for all torpedoc:,

In order to cut the length of the proposed payload
sectlon in halfl and retain the present total payload welght 1t
would be necessary to repackase the components of the payload |
section so that the overall payloat density would be 057 1b/in”,
about the same as that of THT. The [feaclibllity of doing thils
would probably depend on how much empty space could be ellminated
from the puidance sectlion, The use of a high density explosive
would also help reduce the payload slze,

In this report nonc of the practical problems of under-
water rocket stagling have beon concldered, such ac stase
ignition and separation. A hiphly ideallzed situatlion has been

ssunced in order to estlmate the maximum posslble effect of
staging on the roanee of underwater rockets, The inereases in
rance actually rcalized with a mulii-ctage rocket would probably
be somewhet omaller than those ectimated here.,

Only one method of ostaysin: has Lecen considered: cqual-
length oty ve deciened to plve a2 conctant vehlele veloclty.,
Many other methods of stalny can te lmarlned, involvling stages
of different lemy:ths desiyned to lve different vehicle veloci-
tics., Lo tttempt has been miie to determine the optimum method
of slayly

COHCLUSIONS

Under the ascunpilons sade ir Lhis report, the [ollowlng
conclusion: can be drawn concerning; the effect of staging on the
rangre of underwater rockets:

1. The range of underwater rockets can be increased by

not morc than 50 percent by usliy two stapges Instead of one and
by not more than 87 percent by using three stages.

CONFIDENTIAL
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2. Staging is effective in increasing the range of
underwater rockets only when the payload section and nozzle
sections make up a small portion of the vehicle,

3, Staging has an adverse effect on range when the
nozzle and payload sections make up a large portion of the
vehicle,

i, Underwater rockets having more than two stages would
be of little practical value,
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FIG 2 COMPARISON OF RANGL OF Tv/O-STAGE AND THREE-STAGE UNDERWATER
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